Abstract: Synthetic polymer fluids are becoming a popular replacement for bentonite slurries to support excavations for deep foundation elements. However, the rheological properties of the polymer fluids used in excavation support have not been studied in detail, and there is currently confusion about the choice of mathematical models for this type of fluid. To advance the current state of knowledge, a laboratory study has been performed to investigate the steady-shear viscosity and transient viscoelasticity of a polymer support fluid. It is found that over the shear-rate range measurable with the Fann viscometer, an industry standard instrument, the power-law model can be used to represent the results, whereas the Bingham plastic model will significantly overestimate the viscosity at low shear. When evaluated over a much wider shear-rate range with a cone-and-plate rheometer, the polymer fluids show signs of approaching limiting viscosities at the very low and high shear rates, and for this behavior the Carreau model is more appropriate. From a series of oscillatory tests, the viscoelastic properties of the polymer fluid have been shown to be very different from those reported for their bentonite counterparts. The key engineering implications of the rheological results have been discussed.
Introduction
Since the pioneering work of Veder (1953) , bentonite slurries have been in continuous use for the construction of drilled shafts (bored piles) and diaphragm walls around the world. Bentonite slurries are thixotropic clay suspensions with a yield stress which enables the slurry to hold soil particles in suspension during excavation, so increasing the slurry density and excavation stabilizing pressure. Since the early 1990s, aqueous solutions of partially hydrolyzed polyacrylamides (PHPA) also have been used for the construction of deep foundations in many different countries (e.g., Ata and O'Neill 1997; . PHPA is a synthetic polymer comprising repeating units of acrylamides and acrylates. Fig. 1 shows the chemical structure of PHPA.
In the oil and gas industry, PHPAs have a long history of use as bentonite additives to inhibit the swelling of water-sensitive shales and to reduce fluid loss in permeable formations (Liao and Siems 1990; Kadaster et al. 1992; Kelessidis et al. 2013) . In civil engineering, PHPA fluids are increasingly being used as a complete replacement for bentonite slurries, as these synthetic fluids require a much-reduced site footprint for fluid-management equipment and offer potentially drier and therefore more readily reused excavated soil. They also offer opportunities to manage interactions with in situ soils through the exploitation of polymer chemistry. According to O'Neill and Reese (1999) , the commercial PHPAs used in civil engineering typically have a molecular weight ranging from 14 to 17 million g=mol and a surface charge density (degree of hydrolysis) from 30 to 45%. A general introduction to the use of polymer fluids in geotechnical construction has been given in Jefferis and Lam (2013) . In this paper, polymer is taken to mean PHPA unless otherwise specified.
Although both bentonite and polymer support fluids work by exerting a stabilizing pressure against the side walls and base of an excavation, their effects on the excavation and the completed foundation element can be quite different, in part, due to their distinct rheological behaviors. Unlike bentonite slurries, polymer fluids do not form a layer of filter cake on the exposed soil surface, so during excavation the fluids will continue to flow into the surrounding soil formations due to the pressure head difference (typ. >15 kPa) between the support fluid and groundwater. The shear viscosity of a polymer support fluid is known to be a controlling parameter for the rate of fluid flow into the ground (Lesemann and Vogt 2012) . The viscous and elastic properties of a fluid also affect the settling velocity of soil particles in the fluid, and thus the amount of detritus accumulated at the base of the excavation or at the top of the fresh concrete as it is tremied into the hole (Kheng et al. 1991; Majano and O'Neill 1993; ). Sedimentation of small soil particles is likely to be in the creeping flow regime (Reynolds number, R < 1) where the elasticity of the fluid does not come into play. McKinley (2002) also mentions that, when the Deborah number (De) is less than 0.1, the elasticity of a fluid has no effect on particle drag (the Deborah number is the ratio of the characteristic time of fluid to the characteristic time of process and is equal to zero for steady-state flows). Larger particles of size perhaps several millimeters will settle with a higher Reynolds and Deborah numbers so that the elasticity of a fluid will have an effect on the drag force tending to increase it. However, large particle settlement is a rapid process and the sediment easily can be removed prior to concrete placement. Thus as regards soil sedimentation, the transient viscoelasticity of a polymer fluid will be less important than the steady-state viscosity.
Although the rheological properties of bentonite drilling and support fluids have been widely studied (Hutchinson et al. 1975; Speers et al. 1987; Alderman et al. 1991; , to date rather little has been published on their polymer counterparts especially in the civil engineering literature (some of the available work will be discussed in the following section). This in part makes it currently not possible for the construction industry to develop specifications for polymer fluids as they have done so for bentonite (Institution of Civil Engineers 2007) . Although polymer rheology has been studied extensively by polymer scientists (e.g. , Ferry 1980) , the findings are of limited application to support fluids as the materials studied and the applications are very different. However, the underlying rheological principles are applicable regardless of the fluid in question and some of them will be applied to interpret the results of this study of the rheological properties of PHPA fluids prepared at typical concentrations for excavation work. Before the experimental details and the results are presented, the current construction industry practice in terms of the choice of mathematical models to represent viscometer results is set out.
Choice of Mathematical Models
As bentonite fluids possess a yield stress, the Bingham plastic model is commonly used to represent their flow behavior (Hutchinson et al. 1975) . The equation for this model is τ ¼ τ 0 þ η pγ , where τ is the shear stress,γ is the shear rate, τ 0 is the yield stress, and η p is the plastic viscosity. Note that in the oil industry and in some of the civil engineering literature, the parameters τ 0 and η p are denoted as YP and PV respectively, and the apparent viscosity of the fluid is referred to as AV (Ata and O'Neill 1997; Brown et al. 2010) .
There is no consensus as to the appropriate mathematical models for the flow behavior of polymer support fluids, as no detailed studies have been reported in the construction literature, for this type of non-Newtonian fluid. Early researchers, such as Kheng et al. (1991) , probably due to the influence of the previous bentonite research, used only the Bingham plastic model to interpret their results. In contrast, authors such as Beresford et al. (1989) and Howsam and Hollamby (1990) believed that the power-law model should be used, which has the form τ ¼ Kγ n , where K is the flow consistency index and n is the flow behavior index. The research group led by the late Professor Michael O'Neill at the University of Houston took the middle ground and interpreted their viscometric data using both Bingham plastic and the power-law models (Majano and O'Neill 1993; Ata and O'Neill 1997) , although it is apparent that they preferred the Bingham plastic model when it came to the presentation of results in technical papers (Majano et al. 1994; Ata and O'Neill 2000) . The approach of these two papers seems to have been carried through to the latest two editions of the U.S. Federal Highway Administration (FHWA) drilled shaft manual (O'Neill and Reese 1999; Brown et al. 2010) . From the manual, it would appear that the FHWA regard the Bingham plastic model as an appropriate model for polymer excavation fluids even though the example flow curve given in the manual clearly shows strong shear-thinning (power-law type) behavior and a negligible yield stress.
When selecting an appropriate mathematical model, it is necessary to relate the model used to the shear rates of the process of concern. In Table 1 , indicative shear rates for processes involved in fluid-supported excavations are presented. Where necessary for the shear-rate estimates, a Newtonian fluid of viscosity 20 mPa · s has been assumed. Polymer fluids used in practice may have higher non-Newtonian viscosity and thus the shear-rate figures given in Table 1 tend to be upper bounds. A brief discussion of other assumptions is set out in the table. It can be seen that the indicative shear rates range from 0.005 s −1 for fluid flow above rising concrete to 10; 000 s −1 for fluid-solid separation in a hydrocyclone. It is therefore important to consider the process of concern when selecting a mathematical model and indeed the test instrument for viscosity measurements in the field. Table 2 lists three viscosity measurement tools that may be used for the control of fluid quality in the field. These are the Marsh funnel, the 
Experimental Details

Materials Used
A commercial partially hydrolyzed polyacrylamide (PHPA) known as Shore Pac was used to prepare the test fluids. It was supplied in dry granular form by CETCO Drilling Products. The molecular weight and the degree of hydrolysis of this material have been determined to be 20 × 10 6 g=mol and 39% respectively. These results show that the polymer has a high molecular weight and is also highly charged. High-molecular-weight PHPAs are by far the most popular type of polymer used in foundation drilling (O'Neill and Reese 1999), so the CETCO product was chosen as a representative of the class of products used in practice. The results of this work also should be of relevance to projects using other types of PHPA but with similar properties. According to the supplier, the recommended concentration for the product is from 0.4 kg=m 3 for clay soils to 1.2 kg=m 3 for open cobbles. At these concentrations, the density of the polymer fluid is essentially that of water as the polymer has a density similar to that of water.
Sample Preparation
To prepare the test fluid and to avoid clumping of the polymer grains, a laboratory mixer rotating at a speed of 500 r=min (rpm) was used to create a vortex in the mix water and the required quantity of polymer granules then sifted into the vortex. Once addition was complete, the mixing speed was reduced to 200 rpm so as not to apply unnecessary shear to the fluid. After about 45 min of mixing, a clear viscous solution had formed, and it was left to stand overnight before use. This procedure was used to ensure consistent laboratory test fluids, though in the field polymer fluids can be and are used immediately after mixing.
Microstructure of the PHPA Fluid
Since the rheological properties of a polymer fluid are highly dependent on its underlying microstructure, a droplet of the prepared fluid was examined in an environmental scanning electron microscope (ESEM). An ESEM was used because it does not require the specimen to be coated with a layer of conductive material as in a conventional SEM; the microstructure of the fluid is therefore more likely to be preserved. The ESEM used was a Carl Zeiss Evo LS15, and the micrograph was captured using a variable pressure secondary electron detector. The sample preparation procedures generally followed those employed by Feng et al. (2002) , which are briefly described as follows: a small droplet of the polymer solution was freeze-dried on a specimen holder to −15°C using a Peltier cooling system before being moved into the ESEM chamber. To reveal the polymer microstructure, the frozen water had to be removed, and this was achieved by gradually reducing the chamber pressure to about 133 Pa (1 Torr) absolute. This allowed the ice within the specimen to sublime without damaging the microstructure of the polymer. An acceleration voltage of 15 kV and a working distance of 7.5 mm were used for the imaging work. Fig. 2 shows a micrograph of the polymer fluid after the water had been removed by sublimation. The micrograph shows that the polymer is not in the form of individual and independent chains but as an intertwined and entangled three-dimensional molecular network structure. Note the length of a single polymer chain is estimated to be about 70 μm which is consistent with its high molecular weight. The micrograph also shows that the polymer chains, although entangled with one another, appear to be rather stiff and have not coiled up. This is important as coiling would reduce chain interactions and hence the solution properties. The inhibition of coiling is believed to be the result of the electrostatic repulsion between the anionic charged sites distributed along the polymer chains and indeed the PHPA chemistry can be designed to achieve this. Discussions of how the fluid microstructure influences the rheological properties will be given later.
Test Instruments
Two test instruments were used to characterize the rheological properties of the polymer fluid, a direct-indicating viscometer and a Bohlin Gemini rheometer. The direct-indicating viscometer, also known as the Fann viscometer, has been a popular instrument for measuring the viscosity of drilling fluids for many decades (Darley and Gray 1988; Howsam and Hollamby 1990) . The instrument has been borrowed from the oil industry for use in civil engineering where it has been widely used for the quantitative assessment of support fluids (Hutchinson et al. 1975; Beresford et al. 1989 ). The instrument works on the concentric-cylinders principle and the common six-speed model can operate at 3, 6, 100, 200, 300, and 600 r=min. With the standard bob and rotor geometry combination (R1-B1), this speed range is equivalent to a shear-rate range of 5 to 1,022 s −1 (1 rpm equating to a shear rate of 1.703 s −1 ). The shear rate indicated on the instrument and the measured shear stress are then used to calculate the apparent or effective viscosity of the fluid Fig. 2 . Electron micrograph of a polymer support fluid taken using an environmental scanning electron microscope using the Newtonian equation (μ ¼ τ =γ). The operating principles of the Fann viscometer can be found in Darley and Gray (1988) and . The Bohlin Gemini rheometer is a more sophisticated instrument, which can be used in both controlled shear-stress and controlled shear-rate modes. It has an air bearing system for the application of torsional stress and a Peltier element for accurate temperature control. The Gemini model has a torque range from 0.05 μN · m to 200 mN · m so enabling viscosity measurements to be made at very low shear rates. The torque resolution is better than 1 nN · m and the angular position (strain) resolution is 50 nano-radians. It can be used to perform a wide range of rheological investigations including viscometry, oscillatory shear, creep, and relaxation although only the first two are discussed in this study. For the viscosity measurements, a cone-and-plate geometry was used to achieve a uniform shear rate across the sheared area and thus absolute viscosity results. The tests were performed by controlling the shear rate and using the so-called table of shear function, where the shear rate is increased automatically from the predetermined minimum to maximum values over a series of steps. To minimize the effect of fluid evaporation, several such tests had to be performed, each over a different range of shear rates typically spanning evenly over a log cycle. For example, a test that started at 1 s −1 involved 10 steps and viscosity was measured at the following shear rates: 1, 1.26, 1.58, 2.00, 2. 51, 3.16, 3.98, 5.01, 6.31, 7 .94, and 10 s −1 . Within each step, a delay period was specified to allow the fluid to achieve steady flow (equilibrium) before the shear stress was measured. The required delay time depended on the sample and the shear rate, typically it was no more than 5 min. For each step, the stress integration time was typically 100 s, so the total duration for a log cycle of viscosity tests was about 70 min. For the oscillatory measurements, a parallel-plate geometry was used as the condition of uniform shear rate was not necessary and the gap between the plates could be, easily adjusted to suit the requirements of the tests. A small gap of 150 μm was used to minimize the inertia effect of the sample. A solvent trap was used in all experiments to minimize the amount of evaporation.
Steady-State Flow Properties
Modeling of the Fann Viscometer Results
As previously noted, there is currently no consensus on the choice of mathematical model for interpreting the rheological data for polymer excavation fluids. To resolve this issue, this section presents an interpretation of a set of data obtained with a Fann (directindicating) viscometer, an instrument commonly used by previous investigators. The polymer fluid had a concentration of 0.8 kg=m 3 and was prepared using the methodology previously described. For comparison, a bentonite (Berkbent 163 marketed by Tolsa, U.K.) fluid at a concentration of 40 kg=m 3 was also tested (both fluids were prepared at concentrations typical of site practice). Fig. 3(a) shows the test data plotted as a shear stress versus shear rate (τ −γ) plot, with Bingham plastic model fitted to bentonite results and the power-law model fitted to the polymer results. It can be seen that the Bingham plastic model can fit the viscosity results of the bentonite fluid reasonably well and that the power-law model is suitable for the polymer fluid. If the Bingham plastic model is used to fit the polymer test results, the goodness of fit will be lower due to the nonlinear τ −γ relationship as clearly shown in the figure. Fig. 3(b) shows the same test results on an apparent viscosity versus shear-rate (η −γ) plot. Again, it can be seen that the Bingham plastic and the power-law models are suitable for the bentonite and polymer fluids respectively but not the other way round. Although only one set of results has been presented for the polymer, the observed shear-thinning behavior is typical for polymer fluids prepared at other concentrations over the same range of shear rates. Fig. 3 (b) also shows that the bentonite fluid has a higher apparent viscosity than its polymer counterpart especially at low shear rates. For example, at a shear rate of 5 s −1 , the viscosity of the polymer fluid is 140 mPa · s (numerically equivalent to centipoise, cP) whereas the bentonite has a viscosity of 550 mPa · s. The difference can be seen to increase as the shear rate decreases. The different flow behavior of the two types of fluid has important implications for their performance in excavations. For example, during excavation, soil particles are released into the support fluid. The yield stress of the bentonite fluid gives it the ability to hold small soil particles in suspension and the higher apparent viscosity reduces the rate of sedimentation of larger particles. In a pile bore or a diaphragm wall trench, this can delay or prevent the accumulation of soft sediment at the base of the excavation. This is desirable because the sediment, if not removed before concreting, can create what is known as a soft toe, which will adversely affect the end bearing resistance of the foundation element. The downside of this flow behavior is that in some ground conditions (e.g., silt and fine sand) a substantial amount of soil particles can accumulate in the fluid resulting in the fluid density and/or sand content exceeding specified project limits . In addition, due to their high apparent viscosity bentonite fluids also require specialist equipment such as shaker screens and hydrocyclones to remove the suspended soil before they can be reused. In contrast, polymer fluids, due to their lower apparent viscosity [ Fig. 3(b) ], have been found to be able to self-clean by particle sedimentation under gravity. This eliminates the need for specialist soil-fluid separation equipment, and thus polymer fluids are often favored over bentonite for piling works on congested urban sites (Jefferis and Lam 2013; where there is no space for separation plant. However, due to the lack of a yield stress and lower apparent viscosity of polymer fluids, soil particles will settle faster through the fluid column so that sediment will accumulate more readily at the base of an excavation. Cleaning of the excavation base and testing of used fluids thus become very important when polymer fluids are used. Particle settlement is only one of the relevant processes listed in Table 1 . However, since the lowest shear rate achievable with the Fann direct-indicating viscometer is 5 s −1 whereas the relevant shear rates for some of other processes are much below this value, the flow behaviour of polymer fluids has been studied over a much wider range of shear rates and the results presented as follows.
Shape of Viscosity Curves
After the initial investigations with the Fann viscometer, further rheological tests were carried out to characterize the flow behavior of the polymer fluids over a wider range of shear rates, particularly lower shear rates, and for a range of polymer concentrations.
The tests were conducted using the Bohlin rheometer for shear rates from 0.0006 to 100 s −1 and the Fann viscometer for shear rates from 5 to 1,022 s −1 following the procedures described above. Fig. 4 presents the results for concentrations ranging from 0.2 to 1.2 kg=m 3 over a shear-rate range of 10 −3 to 10 3 s −1 . All the tests were conducted at a controlled temperature of 25°C. Compared to Fig. 3(b) , Fig. 4 provides a bigger picture showing more about the overall flow behavior of the fluids. The first observation that can be made is that, at very high and very low shear rates, the fluids tend toward limiting viscosity values. The data points have been fitted with the Carreau model, which can accommodate these viscosity plateaus and is expressed as follows:
where η = viscosity at any shear rate; η 0 = zero-shear viscosity; η ∞ = infinite-shear viscosity; λ = time constant; and n (<1) = flow behavior index. The parameter λ is called a time constant because its reciprocal value, which is known as the critical shear rate,γ crit , is the shear rate at the transition between the upper (low shear rate) Newtonian plateau and the shear-thinning region. The flow behavior index, n, represents the degree of shear thinning, i.e., the slope of the middle portion of the viscosity curves. When n equals 1, the Carreau model reduces to Newtonian behavior (η ¼ η 0 ). Table 3 summarizes the fitted values of the Carreau parameters at each polymer concentration. Before the effects of polymer concentration are discussed, it is useful to consider the shape of the flow curves using the molecular theory. At the foot of Fig. 4 is a schematic diagram showing the fluid microstructure in three viscosity regions, namely, zero-shear viscosity ðη 0 Þ, shear thinning, and infinite-shear viscosity (η ∞ ). Note that the microstructure shown for the zero-shear viscosity region is a hand-drawn sketch of polymer system shown in the micrograph, Fig. 2 . The influence of microstructure on viscosity is explained as follows. When the fluid is static or is under near static conditions, the long-chain molecules intertwine and entangle with each other. However, as a result of their incessant Brownian motion, the molecules continuously slide over each other, forming and disengaging from individual entanglements as they move (Barnes 2000) . Since entanglements resist flow and viscosity represents the resistance to flow, under near static conditions, the viscosity is at its highest η 0 , the upper Newtonian plateau. If the fluid is subjected to increasing shear, the number of entanglements reduces as the chains orient along the direction of flow. The fluid therefore shows a gradual reduction in viscosity over the middle shear-thinning region of the viscosity-shear rate plot. Finally, at very high shear rates, the entanglements are combed out by the flow, so the viscosity is at its lowest at the infinite shear rate ðη ∞ Þ Newtonian plateau. At this stage, the viscosity of the polymer fluid depends only on the underlying viscosity of the solvent (water), the concentration of the nonentangled polymers, temperature, and the chemistry of the 
Effect of Concentration
The molecular model also explains the effect of polymer concentration. It can be seen that as the concentration increases, the apparent viscosity increases significantly at low shear rates but only marginally at high shear rates where the intermolecular interaction is limited (Table 3) . This effect is shown more clearly in Fig. 5 , where η 0 and η ∞ are plotted against polymer concentration on a log-log scale. It can be seen that both η 0 and η ∞ follow power-law relationships with polymer concentration (c p ). It also can be seen that the exponent for concentration dependence for η 0 (2.75) is greater than that for η ∞ , which is close to unity (0.96). This is because, as noted earlier, at high shear rates the effect of chain entanglements becomes limited as they have been combed out (see the sketch for high shear in Fig. 4) . However, at low shear rates, a higher concentration gives more chain entanglements thus increasing the strength of the molecular network. This is shown by the steeper slope of the η 0 versus c p curve. A final point to note about the effect of polymer concentration is that, as shown previously in Fig. 4 , the critical shear rate,γ crit , tends to decrease as the concentration increases from 0.2 to 1.2 kg=m 3 . This implies that the fluid becomes more sensitive to shear when more polymer molecules are present. This is probably due to the increased number of chain entanglements so there is a greater impact of combing out by the flow. The gradient of the middle portions of the viscosity curves also can be seen to become steeper with increasing polymer concentration. This shows that the fluid becomes more shear-thinning again probably due to the greater impact of 'combing out' by the flow. Numerically, the increase in the shearthinning behavior is indicated by the decreasing value of the flow behavior index, n, as shown in Table 3 . Similar polymer fluid behavior was reported by Howsam and Hollamby (1990) using the more basic direct-indicating (Fann) viscometer and the power-law model.
Transient Viscoelastic Properties
Background Since many processes relevant to fluid-supported excavations occur under steady-state conditions (Table 1) , the transient viscoelastic properties of the polymer fluid are potentially less important than the shear viscosity. However, during excavation as the digging tool (auger, grab) is moved up and down the hole it will generate transient pressure surges, which can promote liquefaction of the adjacent soil especially if this is loose and cohesionless. Soil liquefaction can lead to localized or progressive collapse of the hole, which is highly undesirable. During excavation, the support fluid will penetrate into the surrounding soil and due to their different viscoelastic properties bentonite and polymer fluids will have different responses to transient phenomena and thus potentially different impacts on trench stability. Authors such as El Mohtar et al. (2008) have investigated the effect of bentonite fluids on soil liquefaction behavior, but studies using polymer fluids cannot be found. To enable an assessment of the possible influence of the viscoelastic properties of polymer fluids, measurement procedures and the properties so determined are discussed below. Where appropriate, the results are compared with those obtained for bentonite fluids by other investigators. To aid the interpretation of the test results, a brief overview of viscoelasticity is given below.
In the classical theory of elasticity, Hooke's law states that in a sheared body the stress, τ , is directly proportional to the strain, γ, and hence τ ¼ Gγ, where G is the shear modulus of the material. If a perfectly elastic Hookean solid is subjected to an oscillatory shear stress, the deformation will be instant, i.e., the stress and the strain will be exactly in phase. However, for a perfectly viscous Newtonian liquid, the strain will be 90°out of phase. For a viscoelastic material, the phase angle, δ, will be >0°and <90°. For the interpretation of oscillatory test results, δ is usually used to separate the measured stiffness, G Ã , into two components
where G Ã = complex modulus; G 0 = storage (elastic) modulus; and G 0 0 = loss (viscous) modulus. The relative values of G 0 and G 0 0 can be used to assess the nature of the material. If G 0 > G 0 0 the material is said to be solid-like, whereas if G 0 < G 0 0 the material is liquid-like.
Effects of Amplitude of Oscillation
The viscoelasticity of the polymer fluid was first investigated over a range of shear strains at a single frequency. This type of test is known as the amplitude sweep test and is the standard rheological test to establish the linear viscoelastic region (LVR) of a material. Within the LVR, the specimen oscillates within the Hookean region so the modulus values are independent of the maximum amplitude or stress of the oscillation. An oscillation frequency of 0.5 Hz was used for the tests, although other frequencies could have been used (subject to rheometer limitations) because in most cases the strain at which nonlinearity occurs is independent of frequency (Barnes 2000) . Fig. 6 shows the amplitude sweep results for polymer concentrations ranging from 0.2 to 1.2 kg=m 3 (the same range that was used for the shear viscosity tests). First, it can be seen that at small strains, G 0 is greater than G 0 0 implying that the polymer fluids are actually more solid-like. As the strain increases, G 0 breaks down faster than G 0 0 . This is expected, as for most materials, G 0 is the more sensitive of the two moduli. For each polymer concentration, the limit of the LVR is denoted as the transition point, which is determined as the point where the G 0 value has dropped by 5% from its plateau value. With the LVR established, it can be seen that the polymer fluids leave the plateaus at a strain value of just below 1 (100% strain), which is much greater than the 1-2% strain El Mohtar et al. 2008) .
As the strain increases beyond the transition point, G 0 falls faster than G 0 0 , and the fluid gradually becomes more liquid-like. The point where G 0 0 crosses over G 0 is denoted as the flow point. After this point, viscous behavior dominates. It is interesting to see that the strain values at the transition and flow points increase slightly as the polymer concentration increases. This is opposite to the trend that found for bentonite fluids. In fact, the G 0 0 curves for bentonite fluids also have a different trend with shear strain than that shown by polymers. The G 0 0 curves for bentonite fluids are characterized by an upward trend immediately before the crossover (flow) point and then a downward trend after El Mohtar et al. 2008 ). This type of behavior is typical of the soft jammed systems (Coussot 2005) . Recall that PHPA fluids are solutions of synthetic polymers not clay suspensions and thus they can be expected to display different behavior.
As regards the effect of polymer concentration, it can be seen from Fig. 6 that as the concentration increases, the values of both moduli also increase. This is as expected since the transient viscoelasticity and the steady-state viscosity are due to the network of chain entanglements in the fluid. As the number of entanglements increases, both G 0 and G 0 0 can be expected to increase. To show this effect more clearly, Fig. 7 plots the values of G 0 and G 0 0 within the LVR against concentration. It can be seen that the modulus values do not increase linearly with concentration but follow a quadratic upward trend. The nonlinear shape of these curves is due to the fact that each additional polymer molecule can form more than one additional chain entanglement with the existing molecules, and this ability increases as the number of existing molecules increases. In terms of the possible effect on the dynamic resistance of soil, since polymer fluids remain solid-like over a much wider shearstrain range than bentonite (100% ≫ 1%), a polymer-saturated soil may have better cyclic resistance than one saturated with bentonite and thus be less sensitive to the pressure pulsations induced by the digging process. In addition, since both the magnitude of G 0 and the crossover (G 0 ¼ G 0 0 ) strain of polymer fluids increase with polymer concentration (Fig. 6) , the beneficial effect on soil could be maximized by increasing the polymer concentration-a benefit that might not be appreciated without a knowledge of the viscoelastic properties of the polymer fluid. However, since the G 0 value of a bentonite fluid within the LVR can be considerably greater than that of polymer fluid [7.5 Pa for a 4% bentonite from Santagata et al. (2008) compared to 1.1 Pa maximum from this study], the difference in the performance between the two fluids must be further elucidated perhaps by performing dynamic soil tests such as those conducted by El Mohtar et al. (2008) .
Effects of Frequency of Oscillation
Based on the results of the amplitude sweep tests, further tests were run to characterize the response of the polymer fluids at different timescales. In these experiments, the test fluid was subjected to an oscillating strain of 0.1 (10%) over a range of frequencies. The strain value was determined with reference to the amplitude sweep results so that the fluids remained within their LVR. As this series of tests involved measurements at very low frequencies, the test period was over 4 h, and it was necessary to create a saturated atmosphere in the air next to the sample by lightly misting the underside of the solvent trap with water (the solvent). It was found that, if this step was not taken, the periphery of the specimen gradually dried out. A similar procedure is reported in Barnes (2000) . Fig. 8 shows the results of the frequency sweep tests. It can be seen that at low frequencies (<0.01 Hz) the viscous behavior is more pronounced ðG 0 0 > G 0 Þ but not by a substantial amount. As the frequency approaches about 0.01 Hz, the two modulus curves can be seen to cross over. The exact point of crossover, however, is dependent on the solution concentration. At higher frequencies, the elastic behavior can be seen to become more pronounced. Chain entanglement theory once again can be used to explain this behavior. Recall that the polymer chains in the solution are entangled but constantly slide over each other. It follows that when a stress is applied to this transient molecular network, on a short time scale, it will behave more elastically as the chains are stretched. However, given longer time these will relax and the fluid will therefore show more viscous properties.
As the viscoelastic behavior of polymer fluids is frequency dependent, their effect on soil liquefaction during excavation will also be dependent on the frequency of the loading, but data on the dynamic effects of digging tools is not available. Further research on polymer-impregnated soil specimens is required. Finally, it may be noted that the frequency sweep results shown in Fig. 8 are very different from those previously reported for bentonite. GalindoRosales and Rubio-Hernández (2006) found that for a 10% bentonite fluid, elastic behavior dominates (G 0 ≫ G 0 0 ) across a wide range of frequencies from 0.01 to 10 Hz. This suggests that the behavior of bentonite fluids may be less sensitive to the frequency of the shear stress though it should be noted that a bentonite concentration of 10% (100 kg=m 3 ) is too high for use in excavation work.
Conclusions
The steady-state viscosity and transient viscoelastic properties of a polymer support fluid have been studied using the Fann viscometer (an instrument widely used on construction sites) and an advanced rheometer. From the results of the tests and the associated research, the following key conclusions can be drawn:
• The polymer fluid has a three-dimensional network structure of chain entanglements (see the electron micrograph in Fig. 2 ). This microstructure has a substantial influence on the rheological behavior of these fluids including the effects of shear rate, shear frequency and amplitude.
• For the polymer fluids tested and over the shear-rate range of the standard six-speed Fann viscometer (5 to 1,022 s −1 ), the twoparameter power-law model has been found to be a suitable model to represent the experimental results. However, the twoparameter Bingham plastic model cannot be used to represent polymer flow behavior due to the nonlinear τ −γ relationship displayed. The Bingham plastic model has however been found suitable to represent the results for a bentonite fluid (Fig. 3) .
• If prepared at the typical dosage for excavation works, the polymer fluid (at 0.8 kg=m 3 ) has been found to have a lower apparent viscosity than the bentonite slurry (at 40 kg=m 3 ) especially at lower shear rates. This explains why bentonite fluids can effectively hold any dislodged particles in suspension, but polymer fluids cannot.
• For the wider range of shear rates of the Bohlin Gemini rheometer (10 −3 to 10 3 s −1 ), a range sufficiently wide to identify trends toward limiting viscosities at very low and very high shear rates, the four-parameter Carreau model can satisfactorily fit the experimental results (Fig. 4) . The polymer fluid becomes more shear-thinning when concentration increases (Table 3 ).
• As shown by the series of amplitude sweep tests, the linear viscoelastic region (LVR) of the test fluids is up to a shear strain of about 100%. This may be compared to the 1-2% found for bentonite fluids by previous investigators. As the polymer concentration increases, the stiffness (G 0 and G 0 0 ) and the strain values of the transition and flow points also increase (Figs. 6 and 7 ).
• The frequency sweep tests show that at low frequencies (<0.01 Hz) the polymer fluids can be said to be more liquid-like. This is in contrast to the behavior of bentonite fluids for which the elastic properties are usually more dominant (Fig. 8) .
The results presented in this paper confirm that polymer support fluids used in construction show non-Newtonian behavior at shear rates relevant to construction work. The results have implications for the study of related engineering problems such as particle sedimentation in fluids and possibly also the mitigation of soil liquefaction during excavation, the latter is a speculative concept but worthy of further research. The rheological properties of polymer fluids may also influence the fluid loss from an excavation and hence its stability. For example, the lack of a yield stress, as shown by the upper Newtonian plateaus of the viscosity curves in Fig. 4 , means that the rheological blocking model (Jefferis 2013) , which is commonly used to explain how bentonite fluid can stabilize coarse soils, does not apply to polymer fluids. New theories, possibly based on the Carreau model for steady-state flow, are therefore required to explain the stabilizing mechanisms of polymer fluids.
